Purpose-To describe daily walking stride rate patterns of young children with cerebral palsy (CP) as compared to a typically developing youth (TDY) cohort relative to age and functional level.
Background
Cerebral palsy (CP) is a common disabling condition presenting in childhood that influences individuals across the life span with a reported prevalence of 3.3-3.8/1000 in the United States [1] . The condition is defined as a group of disorders of movement and postural development, which results in limitation of physical activity such as walking. These disorders are attributed to non-progressive disturbances to the developing fetal and infant brain. Ambulatory children with CP have limitations in walk/run/jump skills, are physically less active and walk fewer steps each day. A recent review of habitual physical activity reported that young persons with CP participate in 13-53% less habitual physical activity in daily life than their peers regardless of age or functional level [2] . These activity limitations appear to restrict day-to-day participation in mobility, education, social relations and mobility throughout the life span [3] [4] [5] .
Strides (steps) taken per minute (or cadence) is a common temporal-spatial parameter of gait. It is related to intensity and can be employed to describe patterns of community-based walking activity by tracking time spent or number of strides taken in ranges of increasing strides rates [6] . Recent work has examined strides per minute to describe intensity of ambulation in laboratory studies of youth [7] [8] [9] [10] . Graser et al. in 2009 documented in typically developing youth (TDY) aged [10] [11] [12] years that walking at 120 steps/min or greater was associated with moderate to vigorous activity [7] . Similarly, self-selected walking speeds for short distances in 10-year olds was documented at 126.14 ± 10.29 steps/min [11] . Using a waist-mounted accelerometer (Actigraph), Barreira et al. published the first accelerometer data of free-living US children and youth in 2012 [6] . They examined stride rate patterns and peak rates for typically developing US children and adolescents by age and body mass. For monitor-wearing time, this population-based sample of TDY averaged approximately 4 h/d of inactivity, with approximately 9 h/d at rates of 1-59 steps/min and only about 3 min/d at rates >120 steps/min. Values for all peak walking indicators were lower for youth classified as obese versus those with normal weight by body mass index.
A longitudinal study of children with CP documented that overall gross motor function peaks at approximately 7 years of age and declines through adolescence [12] . In 2007, the community-based walking activity in 81 adolescents with CP between 10 and 14 years of age was examined with the ankle worn StepWatch (SW) accelerometer [13] . As compared to a cohort of typically developing children, youth with CP took significantly fewer steps per day and spent less time walking and engaging in activities of high intensity. Stevens et al. in 2012 also examined the daily walking levels (SW) of youth with CP between the ages of 4 and 18 years to an age-matched cohort [14] . Their work confirmed that older children with CP take significantly fewer steps/day, were more inactive with lower stride rates than TDY as well as younger children with CP. Walking activity levels of youth with CP have also been documented to be lower during weekend versus weekdays and influenced by age, topography of motor impairment and functional motor classification [15] .
The literature suggests that approximately 75% of ambulatory youth with CP, who lose functional walking skill as they age, will experience this decline before age 25 [16] . Decreases in walking skill and endurance from childhood levels have also been reported by adults with CP [17] . These same adults noted decreased life satisfaction related to the loss of mobility skills. Thus, diminishing functional performance, gait efficiency and activities of daily living are considered secondary complications of this non-progressive disorder as a person with CP ages [18] [19] [20] . Despite the stable nature of CP from an etiological perspective, the determinants of this decrease in walking activity are not well understood. Clinically, this decline in mobility is thought to be related to muscular strength and endurance that is unable to accommodate functionally to the change in body mass with growth.
How is walking activity (levels and/or intensity) performance information helpful in the clinical management of children with CP? New literature has documented that the relationship of what a child is "able" to perform in a clinic setting and their participation in life is significantly mediated by what they physically "actually" do each day in ambulatory children with CP [21] . These results suggest that participation in day-to-day life maybe positively influenced by interventions focusing on improving what they actually do every day regardless of capacity to perform. Building on these associations, recent findings also suggest that walking activity performance (average strides/day and number of strides, >30 strides/min/d) is significantly associated with the accomplishment of mobility-based life habits (i.e. personal care, mobility in community and recreation) [22] .
Thus, in order to inform rehabilitation strategies to potentially enhance walking performance and participation, a better understanding of day-to-day walking activity and intensity in childhood is warranted. This project proposes to examine the walking stride activity levels and intensity patterns of children and youth with CP as compared to a typically developing cohort relative to age and functional level.
Methods
This comparison cohort project is a secondary data analysis of three separate cross-sectional studies, each individually approved by the local institutional review board of a regional children's hospital in the Pacific Northwest United States (see Figure 1) . Data for the typically developing cohort was collected within a cross-sectional descriptive cohort study documenting walking activity with the SW accelerometer in 428 children 2-14 years of age [23] . Walking activity data for youth with CP are from a comparison cohort study of 81 adolescents with CP aged 10-14 years [13] and a project examining the relationship of walking and physical activity to participation in 128 youth with CP aged 2-9 years [22] . Data were collected across the calendar year and between September 2004 and October 2011 with specific recruitment and enrollment strategies documented previously. A subset of 121 participants with (N = 81) and without (N = 30) CP aged 10-14 years, underwent data collection only during the school year [13] . All three projects recruited through directapproach letters mailed from three specialty care pediatric facilities in the Pacific Northwest United States to potential participants and their families as well as to care providers.
The inclusion criterion for CP group was as follows: (1) 2 to <14 years of age, (2) diagnosis of CP and (3) Gross Motor Function Classification System (GMFCS) levels of I-III. Exclusion criteria included: (1) lower extremity botulinum toxin injections in the last three months, (2) visual or cardiopulmonary impairment limiting physical activity, (3) uncontrolled seizure disorder impacting mobility skills and (4) orthopedic or neurosurgery in the last 6 months. Demographic information was collected by interview of the parent with GMFCS level confirmed by in-person observation of motor skills by the first author during a single research visit.
All data collection occurred during center-or home-based research visits, where participants were instructed to wear the SW device during all of their waking hours except when swimming or bathing for seven consecutive days. This included wearing their current orthotics and/or using assistive devices for mobility as needed. The SW accelerometer is a specifically designed two-dimensional device, which is validated to document when the heel leaves the ground during walking (a step or stride taken) during walking activity within dayto-day life [24] . Comparison to frequently employed pedometers and accuracy to manual counts has confirmed the accuracy and precision of the SW for detecting strides taken [25] [26] [27] . The device is designed and validated for individualized calibration of the walking stride patterns by taking into account the height, stride type and activity level. Visually observed strides were counted with a manual counter during a 100+ walking trial and compared to the SW stride counts. Five days (24 h of monitoring) of the seven-day SW data samples were selected for analysis (four week days and one weekend day). Valid SW monitoring data was defined as days with less than three hours of inadequate monitoring (i.e. upside down) or no stride counts that were unexplained (i.e. swimming/bathing) during waking hours (6:00 am to 10:00 pm). Participants wore the SW on their lateral ankle (inside a knit cuff) for seven days. The device was returned to the study team during a home-or center-based research visit or by mail with a postage paid padded envelope.
Statistical analysis
Participant characteristics were summarized using descriptive statistics. Means and standard deviations described continuous variables and frequencies with proportions used to describe categorical variables. We compared continuous variables across groups using Student t test and analysis of variance (ANOVA). Chi-squared test and Fisher's exact test were employed to compare categorical variables across groups.
Walking stride activity was derived from the average of five days of SW data (24 h) for each participant. Based on examination of the range of stride activity for this sample of TDY and children with CP, we classified walking activity intensity in no activity (0 strides/min), low stride rate (1-30 strides/min), moderate stride rate (31-60 strides/min) and high stride rate (>60 strides/min). Walking activity was quantified with the variables of (1) average time inactive (not walking or 0 strides/min), (2) average peak stride rate (average highest 1-min stride rate), (3) average number of minutes and (4) strides spent per day at low, moderate and high stride rates. We examined between group differences (TDY versus CP) for all walking performance variables using t tests. ANOVA was employed to test for differences across GMFCS levels for the youth with CP. We examined the effect of age within each GMFCS level and tested the age-by-GMFCS interaction with a regression model. A p value less than 0.05 was considered statistically significant.
Results
The study sample comprised a total of 209 children and youth with CP compared to a cohort of 368 typically developing ranging in age from 2.0 to 13.9 years with an average age of 8.2 (SD = 3.4) years (see Table 1 ). Fifty percent of the TDY cohort was female with the cohort with CP 44% (Fishers Exact; p = 0.12) were female. Gender for the participants with CP ranged from 39 to 49% female (p = 0.86), and the overall study sample was 80% Caucasian. The percent of mothers reporting some college was significantly higher for the participants with CP (p < 0.001). Average calibration accuracy ranged from 90 to 112% with an average of 99.7 (SD = 3.8) with the lowest calibration accuracy for the 2-to 5-year-old participants with CP (mean = 97.8, SD = 2.8). Calibration accuracy for youth with CP (GMFCS levels I-III) were not significantly different by age group (Chi-square; p = 0.36). The majority of the participants had spasticity as their primary movement disorder, and there were significantly more participants with CP who had bilateral involvement (p < 0.001).
The comparison of walking inactivity, peak stride rate/minute, average strides and min/d at low, moderate and high stride ranges by GMFCS levels and the comparison TDY cohort is displayed in Table 2 . The time each day not walking for youth with CP was significantly different by GMFCS level (F = 1.51, p < 0.001). Children with CP across all GMFCS levels spent significantly more time each day not walking as compared to the TDY cohort (F = 245, p ≤ 0.001). Peak stride rate attained within GMFCS levels were significantly different (p < 0.001) except for GMFCS level II to level I (−1.4, p = 0.37). When we added the GMFCS-by-age interaction term in these regression models, none of the coefficients were significant (p = 0.160-0.77); therefore, we only reported results with GMFCS and age main effects. The TDY cohort attained significantly higher peak stride rates (73.1 versus 67, p < 0.001) than the participants with CP. Figure 2 and Table 2 display the average number strides spend in low, moderate and high stride rates for the TDY and youth with CP by GMFCS levels. The average number of strides spent in low and moderate stride ranges decreases significantly with GMFCS level (p = 0.02 to <0.001), and all are significantly lower than the TDY cohort (p < 0.001). Strides completed above 60 strides/min were not significantly different between GMFCS levels I and II, yet all GMFCS levels were significantly lower than the TDY cohort (p < 0.001).
Time spent at low, moderate and high stride rates by functional levels is represented in Figure 3 and Table 2 . Typically developing children in this sample spent on an average 6 h/d walking at a rate of 1-30 strides/min, while those at GMFCS level I spent on an average 39 min less, level II approximately 1 h less and level III spends 3 less hours (see Table 2 ). Time spent in the moderate stride range 31-60 strides/min, for the TDY cohort was approximately 1.5 h, with participants at GMFCS level I just over one hour and dropping to about 11 min for children at GMFCS level III. High stride rates were attained by the TDY cohort for 8 min/d with GMFCS level I at half that duration (4.0 min), Level II at 3.2 min and level III just under 1 min. Kids in older age group tend to spend significantly less time in activities with stride rates >60 strides/min than younger kids.
Discussion
This project documents walking stride rate patterns generated from a convenience sample of TDY and two cohorts of youth with CP ages of 2-13 years. Walking activity was derived from a summation of minutes and average number of strides spent across stride rates bands (low, moderate and high) based on five days of monitoring with the SW accelerometer. The methods employed have potential for clinical translation through documentation of longitudinal day-to-day walking activity. Walking stride rates and patterns can be employed to examine the influence of rehabilitation strategies (i.e. orthotics, assistive devices, treadmill training, injection therapies and orthopedic or neurological surgery) on walking performance in youth with CP.
Children with CP appear to demonstrate increasing levels of non-walking activity similar to TDY as they age. This may be a function of increase in leg length with somatic growth (thus needing to take fewer strides) and/or changing opportunities for walking activity as they progress in school. Previous work has documented that walking activity in TDY decreases with age even with adjustment for leg length [23] . The TDY stride activity presented in this paper are consistent with the decreasing steps/minute documented with age via a waistmounted device in a US population-based sample by Barreira et al. in 2012 [6] . The results of this project suggest that TDY appear to walk a similar number of strides in low and moderate stride rate activities. In contrast, the 2012 Tudor-Locke analysis suggests that TDY decrease their steps/d in the moderate rate as compared to the low stride rate range (low = 2197-2444 steps/min; moderate = 934-1523 steps/min) [6] . It should be noted that the work of Barreira et al. reports "steps" taken (counting both legs), while this paper reports "strides" of one leg. This may be a function of differing devices and/or sensitivity to actual steps taken (Actigraph versus SW), attachment sites (waist versus ankle) and wearing time (of active monitor time versus 24 h) [6, 15] . Differing from the TDY cohort, youth with CP in this analysis, appear to take fewer strides in the moderate stride range than the low range. This decreasing ability to reach and/or attain higher stride rates is consistent with the clinical presentation of youth with CP who have difficulty keeping up with peers in situations that require the ability to bust or ramp up walking intensity (i.e. soccer, T-ball and playground play).
Stride activity levels for youth with CP aged 2-13 years as a group are lower than the TDY cohort and have differing patterns of stride rate activity by each GMFCS level. This is consistent with earlier work by the primary author who examined the older subset of adolescents (10-13 years) [13, 28] . Interaction analysis suggests that functional walking level (GMFCS) appears to override the influence of age in youth with CP for average number of strides taken and/or time spent in the three stride rate bands examined for youth at GMFCS levels II and III. Age and GMFCS level appear to influence high stride rate activity for youth at GMFCS level I. These results are in contrast to data reported by Steven et al. examining walking activity in 27 youth aged 4-18 years with and without CP with the SW [14] , where there was a documented significant influence of age. Stevens et al., who employed a dichotomous age analysis presumably due to sample size, did not analyze relative to functional level (GMFCS) and participants with CP were primarily at GMFCS level I.
Relative to levels of physical activity intensity, Graser et al. have suggested that rates >120 steps/min can be considered moderate to vigorous physical activity (MPVA) [7] . Greater than 120 steps/min is comparable to the SW > 60 stride/min as the SW only counts the strides/steps of one leg. Walking thus as part of overall physical activity has potential to enhance levels of physical activity and health. This TDY cohort on an average demonstrated approximately 8.0 min/d at that level, which is over three times greater than the 2.5 min/d documented by Barreira et al. in an analysis of the US NHANES walking activity data 2005-2006 for youth 6-19 years of age [6] . Yet, well below the recommended 60 min/d of MVPA recommended for optimal health benefits for TDY [29] , these level of walking activity supports the premise that few children are reaching these recommended cut points. This difference in time at MPVA, again, maybe due to differing monitoring devices and their relative sensitivity to steps taken during walking. For the youth with CP in this project, their overall average time at MPVA (high stride rates) across GMFCS levels was similar (2.5 min/d) to the average levels reported by Barreira et al.
Limitation should be noted with interpretation of these results. (1) This was secondary analysis of data, which was not all collected within the same time frame. Thus, influences of varying environmental and personal factors may bias the results. (2) This was a crosssectional analysis of a convenience sample matched by age ranges only from one geographical area. Longitudinal tracking of walking stride activity and patterns would be helpful to understand how these patterns change as children with and without disability age. Replication of these methods on adolescents followed into adulthood would help clarify factors influencing the documented decline in functional mobility reported by adults with CP. (3) A larger sample would confirm the differences noted between GMFCS levels as the standard deviations for some variables and functional levels were relatively wide. (4) The study sample appears biased toward Caucasian youth from higher socioeconomic levels (mother's education) compared to recent demographic characteristics of CP prevalence estimates in the United States [1] . Thus, future work needs to exam these findings within a population-based sample with broader racial and socioeconomic status.
What are the clinical or rehabilitation implications of this work? First, these results suggest that youth with CP regardless of GMFCS level and TDY are demonstrating maximal walking activity levels that are far below those recommended for overall health. Thus, both populations need to be encouraged to walk and/or be more active more each day. The monitoring methods presented have potential to inform interventions specifically for walking optimization as well as overall health. For example, this device may be used to document the effect of a particular orthotic prescription and/or surgical intervention on dayto-day walking performance.
The relative relationships between the number of strides in low, moderate and high strides rates differ for children with CP as compared to TDY in this sample as measured by the SW. While TDY youth walk a relatively similar number of strides in low and moderate stride rates, youth with CP do not. Could this limitation in the ability to attain moderate stride intensity, regardless of total number of strides taken each day, be a potential area of focus for rehabilitation strategies for youth with CP? The newly documented association of higher walking activity and intensity to enhanced levels of accomplishment of mobility-based life habits suggests the need to explore walking activity and/or intensity-based interventions to enhance the life experience of children with CP [22] .
Research is warranted to examine whether rehabilitation strategies can increase daily stride rates and/or walking intensity. Rehabilitation strategies may focus on opportunities and/or interventions to enhance moderate or high stride rate activities. Short-burst interval treadmill training would be an example of such a therapeutic modality, which is currently being tested by this study team. It is unknown whether the ability to enhance moderate or high stride rates in walking will differ by GMFCS level. Based on clinical observations, youth at GMFCS level I may have the greatest potential to enhance the higher intensity walking stride rates than those at level III. It is possible that interventions may not increase overall number of strides taken each day but result in a shift from lower to higher stride rates. Future work should explore how daily stride levels and/or intensity may inform and focus interventions aimed at enhancing habitual walking activity and the day-to-day lives of ambulatory children with CP.
Implications for Rehabilitation
• Limitation in the ability to attain moderate stride-rate intensity, regardless of total number of strides taken each day for ambulatory youth with CP, is a potential area of focus for intervention.
• Understanding of stride activity levels and intensity in youth with CP may be employed to focus rehabilitation strategies to enhance habitual walking activity.
• Community-based stride rate data has potential as an effectiveness outcome for rehabilitation strategies focused on walking (i.e. orthopedic surgery, orthoses and injections therapies). Average number of strides spent at low, moderate and high stride rates for typically developing youth (TDY) and youth with cerebral palsy by Gross Motor Function Classification level (GMFCS 1-3). Low = 1-30 strides/min, moderate = 31-60 strides/min and high = >60 strides/min. Average number of min/d spent at low, moderate and high stride rates for typically developing youth (TDY) and youth with cerebral palsy by Gross Motor Function Classification level (GMFCS 1-3). Low = 1-30 strides/min, moderate = 31-60 strides/min and high = >60 strides/min. One day (24 h) = 1440 min. Table 1 Characteristics of participants with cerebral palsy (CP) and typically developing youth (TDY) by age groups of 2-5, 6-9 and 10-13 years. Table 2 Summary of time inactive, peak stride/min rate, average number of strides and time spent in low, moderate and high stride rates from five days of StepWatch data. 2599 (1426) 262 (298) 335 (70) 48 (25) 4.0 (4.5)
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